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A comprehensive treatise on the extent and type of modification which can be elicited by changes in the composition of diet, particularly the fatty acid composition, on the phospholipid fatty acid content o f mammalian cell membranes is beyond the scope of this brief, rather eclectic, perspective. For a more complete and detailed understanding readers are referred to a number of excellent reviews ([ 1-61
and thc other presentations in this Colloquium).
Essential fatty acids (EFA) are specific polyunsaturated fatty acids (PUFA) for which both man and animals have an obligatory dietary requirement. EFA deficiency results in physiological disorders and has been implicated in the aetiology of coronary vascular disease (CVD) [7-Y]. Three major familics o f PUFA occur in mammalian metabolism: ti -9, ti -6 and ti -3. Parent members of these distinct, non-interconvcrtible families of fatty acids are oleic acid ( 18: 1 ,ti -Y), linoleic acid ( 18 : 2, ii -6; LA) and a-linolenic acid ( 18 : 3, n -3). They can be metabolized in mammalian tissues by a series of desaturation and elongation reactions to yield longer-chain members of the respective families. Only members o f the n -6 and n -3 families are regarded as EFA; long-chain 11-9 PUFA cannot alleviate symptons of EFA deficiency. The 'true' EFA are the initial members of the ti -6 and ti -3 families, LA and a-linolenic acid; all others arc derived from them in sifii. The AY-, A6-, and ASdesaturases which catalyse the desaturations are membranebound extrinsic and immunological distinct proteins bound to the cytoplasmic surface of the endoplasmic reticular membranes by hydrophobic 'tails' [ 10, 1 11. The active complex consists of a short, membrane-bound electron-transport chain, flavoproteins (NADH-cytochrome h, reductase and NADPH-cytochrome 1'-450), cytochrome h, and the terminal dcsaturases 161; NADH or NADPH provide a source of electrons with molecular oxygen as the electron acceptor [6].
Long-chain PUFA derived from these desaturase reactions are primarily esterified in the sn-2 position of bilayer phospholipids of mammalian cell membranes. Incorporation of dietary PUFA, including EFA, into membrane phospholipids, withour prior modification by desaturases, also occurs. The extent to which specific EFA are incorporated into membrane phospholipids is determined by complex interactions, competitive and otherwise, between dietary Abbreviations used: EFA. essential fatty acids; PUFA, polyunsaturated fatty acids; CVD, cardiovascular diseases; LA, linoleic acid ( 1 8 : 2 , n -6 ) ; ARA, arachidonic acid (20:4,n-6); DHA, docosahexanoic acid(22:6,n-3) 18:l.n-9,OA; 18:3,n-3, LNA. fatty acids, other dietary factors (carbohydrates, proteins, trace elements, antioxidants) and endocrine changes [ 1-61. These interactions determine the extent to which dietary EFA are modified by the desaturases before being presented to the phospholipid : acyltransferases for incorporation into membrane phospholipid. The activity and substrate specificity of these transferases will also determine membrane phospholipid fatty acyl composition (I 121; Van EFA have two important roles in the regulation of cell function. The first is structural: EFA when incorporated into membrane phospholipids can alter the physiochemical characteristics (microviscosity or fluidity) of the membrane lipid matrix which in turn can influence the conformation, mobility and function of a wide variety of intrinsic and extrinsic membrane-bound proteins; these constitute the hormone receptors, ion gates and channels and boundenzymes ( [ 3 , 61; Stubbs & Smith, p. 77Y). Secondly, EFA of the n -6 and ti -3 families, dihomo-y-linolenic (20 : 3, n -6), arachidonic (20 : 4, n -6; ARA) and eicosapentaenoic (20: 5,n -3) acids, when released from their membrane phospholipid 'reservoirs' by phospholipase A2 or phospholipase C and diacyglycerol lipase, are transformed by cyclo-oxygenase to prostaglandins of series I, I1 and Ill, respectively. These EFA and certain other PUFA, including transformed by lipoxygenase to leukotrienes. These eicosanoids, and certain hydroxy and epoxy fatty acid derivatives of EFA, are important as autocoids and second messengers in signal transduction of endocrine and other stimuli (Lagarde, p. 770, and Wood, p. 785, this Colloquium) . Changes in the EFA composition of membrane would modify the 'microviscosity' of membranes and the cells capability for eicosanoid synthesis in response to endocrine stimuli 13, 41 . Sinclair 1221 first implicated reduced availability of EFA in the aetiology of CVD. Reduced availability of LA is also implicated in cardiac arrhythmias [8] .
Modiilation of tissiie phospholipid fatty acyl composition in vivo and in vitro Genetically obese rats (fa/fa) are particularly sensitive to fatty acid modification of cardiac phospholipids by dietary triolein, more so than pancreas or interscapular brown adipose tissue ([ 19, 201; K. W. J. Wahle, unpublished work) . The pattern of high LA and low ARA (LA/ARA ratio = 2.0) in the cardiac phospholipids of &/fa) rats resembles that of human and primate tissues [5] and indicates impaired EFA metabolism by A6-and A5-desaturases [22a] . The pattern of LA and ARA, and their ratio, differed in cardiac phospholipids from lean rats (Fa/ -), their lower LA than ARA proportions being reflected in the ratio of 0.8. This pattern of LA to ARA in the heart total phospholipids was also found in microsomal and mitochondria1 membrane phospholipids. Dietary triolein (5% and 20%. w/w) modified the LA and ARA proportions in cardiac phospholipids of f a / f a rats so that the pattern and ratio resembled that of Fa/-rats (i.e. LA/ARA ratio reduced from 2.0 to 0.7 by triolein). No similar change was observed with dietary sunflower oil. Triolein has a similar, but less marked, effect on cardiac phospholipids of lean (Fa/ -) rats, reducing the LA/ARA ratio from 0.8 to 0.5. In cardiac phospholipids of obese (fa@) but not lean (Fa/ -) rats, dietary triolein also increased the proportion of DHA. The suggestion of a universal inverse relationship beween ARA and DHA content of phospholipids (Stubbs & Smith, p. 779) is not supported. Increased DHA content of a tissue is reportedly an indicator or effector of enhanced catecholamine sensitivity [23] . Individual phospholipid analysis revealed that the characteristic total phospholipid EFA pattern in both phenotypes was due largely to phosphatidylcholine not phosphatidylethanolamine: LA/ARA ratio of 3.7 versus 0.6 and 0.9 versus 0.4 in Fa/ -and fa/fa phosphatidylcholine and phosphatidylethanolamine respectively. Triolein elicited similar effects on the EFA content of phosphatidylcholine and phosphatidylethanolamine to that observed with total phospholipid. These findings suggest that dietary triolein significantly alters EFA metabolism in cardiac phospholipids of obese and lean rats. The precise mechanism is unclear. A desuppression of the desaturases by the reduced LA content of the diet has been suggested, but suppressed EFA metabolism in rats fed sunflower oil was not observed. The ARA content of cardiac phospholipids is important for determining the heart's capacity for eicosanoid synthesis [24] . EFA deficiency was not responsible for the observed changes in cardiac phospholipids. Such a deficiency would be expected to enhance A9-and A6-desaturase activity, reduce A5-desaturase and would reduce the proportions of LA and ARA but increase 20:3,n -9 [ 11.
y-Linolenic acid ( 18 : 3,n -6 ) occurs in high concentrations in evening primrose, borage and blackcurrant oils. It bypasses the rate-limiting A6-desaturase step in EFA metabolism [ I ] . Dietary evening primrose oil (lO0/, by weight) enhanced cardiac ARA to the same extent as triolein (approx. 30%) but, in contrast to triolein, did not reduce the LA content by 50% (K. W. J. Wahle, unpublished work) .
These observations indicate that dietary fatty acids can alter the EFA composition of cardiac phospholipids to a greater extent than those of interscapular brown adipose tissue and pancreas. Also the obese phenotypes (fa/jia) with their abnormal endocrine status and lipid metabolism are more sensitive to diet than lean (Fa/ -) animals.
Isomeric fatty acids
Positional and geometric cis-and trans-isomers of unsaturated monoenoic, and to some extent dienoic, fatty acids occur in the diet of man and animals. High concentrations are found in products, such as margarines and shortenings, formed by partial hydrogenation of oil derived from either plant (mainly C,, fatty acids) or marine (C,,, C,,,,,C22 o r CZ2 fatty acids) sources. The effect of isomeric fatty acids on EFA metabolism in animals and man, in vivo and in vitro, is the subject of controversy [25] [26] [27] [28] . Animal studies with animals show that trans-unsaturated, but not saturated, fatty acids exacerbate EFA deficiency [29] . Feeding young mice diets with 15% cis-12-18.1 for 8 days elicited an 18% decrease in ARA and a 19% increase in LA in liver phosphatidylcholine, indicating impaired EFA metabolism, presumably at the level of A5-and A6-desaturases [30] . Studies in vivo, with cell culture or cells and tissues in vitro using mixtures of isomers or commercially available single isomers, indicated substantial impairment of EFA metabolism including desaturation, incorporation into tissue phospholipids and subsequent oxidation to eicosanoids [17, 311. Most studies used liver or plasma preparations. The conclusions were that inhibition of EFA metabolism by isomeric fatty acids was largely due to inadequate LA availability [31-331; impairment in the presence of adequate LA was also reported [3 1-33].
Sinclair [22] first suggested that isomeric fatty acids in the human diet might have deleterious effects on health, particularly cardiovascular function. trans-Unsaturated fatty acids are incorporated into human tissues according to their concentration in the diet [25-281. Low intakes of LA (assessed by adipose tissue concentration) correlate with increased risk of developing CVD [8] . High intakes of trans-fatty acids can also occur: certain individuals may ingest up to 24% of total fatty acids as trans [26] . When allied to low intakes of LA, as suggested by the almost 1 : I ratio for adipose tissue concentration of these fatty acids in a high CVD risk group from Glasgow [34] , it is conceivable that impaired EFA metabolism could occur in man. Despite suggestions that trans-fatty acids are factors in the aetiology of CVD 122, 341 little is known about the effects of individual isomeric fatty acids on cardiovascular tissues.
Organltissue systems. Wc have recently synthesized individual cis and trans 12 and 13 C,, , isomeric fatty acids, which are not available commercially, in order to study their effects on EFA metabolism in rabbit aorta and skeletal muscle and in porcine blood platelets [9, 35, 361 . Equimolar concentrations of isomeric to substrate fatty acid significantly inhibited A6-and A5-desaturation in everted dorsal aorta and isolated digit extensor muscles; aorta was more sensitive to inhibition than muscle and A6-more than A5-desaturase [9, 35, 361 . Incorporation of [ l-"C]ARA into aortic phospholipids was reduced by equimolar concentrations of isomers; cis-and trans-isomers influenced all phospholipids but the most marked effects were with the trans-isomers on phosphatidylcholine [U, 351. Cultured cell system. Human vascular endothelial cells in culture have active A6-and A5-desaturase activities 19, 371. Equimolar concentrations of cis-or trans-12-18 : 1 and respective substrate fatty acid inhibited A6-but had little effect on AS-desaturase activity; the cis-isomer was more effective than the trans-isomer. In L6 muscle cells, only trans-1 2-1 8 : 1 inhibited A6-desaturase by 30% after 2 h, A5-desaturase was not studied [37] . In human skin fibroblasts and rat kidney cells both A6-and AS-desaturases are inhibited by tram-monoenoic and 9-truns,12-truns-dienoic C , s isomers with the 9-trans-18 : 1 more effective against A5-and the 9-trutis, 12-trans-18 : 2 against A6-desaturase activity [ 171. trutis-ti-9 fatty acids are potent inhibitors of ASdesaturase; other isomers are relatively ineffective [ 171. This contrasts with the apparent enhancement of A6-/ASdesaturation by cis-9-18:l (oleic acid) in vivo but would explain the lack of effect of trans-12-18 : 1 on AS-desaturase in human vascular endothelial cells (see above).
Inhibition of ARA formation and its incorporation into vascular tissue and endothelial phospholipids by isomeric fatty acids could impair tissue synthesis of prostacyclin, a potent vasodilating and anti-platelet aggregating agent [4, 24, Isoluted plutelets. Cardiac infarcts are precipitated by thrombotic occlusions in coronary vessels and platelet sensitivity to aggregating stimuli is a predisposing factor. Dietary lipids can alter this sensitivity to aggregating agents, fish lipids reducing, and saturated fatty acids purportedly enhancing, sensitivity [ 391. We investigated the possibility that the presence of various cis-and trans-18: 1 isomers (AY, A 1 I , A 12 and A 13) might predispose porcine platelets to aggregation [ 9,361. All cis-isomers studied inhibited collagenand thrombin-induced aggregation and collagen-induced thromboxane A, formation by 80-95%. tram-Isomers inhibited collagen-stimulated aggregation and thromboxane A, formation by only 50-60"/0 and 20"/0, respectively. In thrombin-stimulated platelets, trans-isomers actually enhanced platelet aggregation, which is intriguing and the opposite to that found with cis-isomers. Only ARA was incorporated into platelet neutral lipid and phospholipid during 3 h incubation. cis-and trans-monoenoic acids and LA were intercallated into the membrane rather than incorporated into lipid; their effects on aggregation were due to free acids per se. cis-and trans-monoenoic isomers reduced the incorporation o f ARA into platelet phosphatidylyserine and phosphatidylinositol [9, 361, phospholipids which are involved in signal transduction mechanism in the cell [40, 41 
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Taken with recent evidence that dietary truris-fatty acids, in the presence of 'adequate' essential fatty acids, inhibit Na + .K + -ATPase and adenylate cyclase and reduce /?-adrenergic receptor density in rat cardiac membranes 1421, the suggestion that isomeric fatty acids can have deleterious effects on EFA metabolism and cell function requires further consideration.
38. 39 1.
supported by the observation that inhibition of partially purified, reconstituted A6-desaturase enzyme was prevented by catalase [4S]. However, Leikin & Brenner 1441 obtained cytosolic subfractions which prevented inhibition of AS-and A6-desaturases by specifically binding the reaction products, thus precluding retroinhibition. The role of antioxidant proteins and specific product-binding proteins in desaturase regulation and their possible control by dietary or endocrine factors requires further elucidation.
The effect of dietary antioxidants, particularly vitamin E (a-tocopherol), on the activity of the membrane-bound A6-/ AS-desaturases iri vivo or in vitro has not been reported to date, although vitamin E deficiency in rats reduces the activity of cytochrome 1'-450, a closely related monooxygenase system [46] . a-Tocopherol is a major chain-breaking antioxidant which intercalates into the lipid matrix of cell membranes and maintains integrity by preventing peroxidation and subsequent loss of PUFA from the membrane by the action of a membrane-bound phospholipase A? specific for peroxidized phospholipids [ 471. Vitamin E also prevents the membrane-disordering effects of the products of phospholipolysis, free-fatty acids and lysolecithin, by stable complex formation [46] . Platelets from vitamin E-deficient rats are hyperaggregable when stimulated and vitamin E can inhibit arachidonic acid release. thromboxane A, formation, malonaldehyde formation and platelet aggregation. The vitamin E effect on platelets is ascribed to an inhibition of phospholipase A?; platelets from vitamin E-deficient rats have higher phospholipase A, activity than those from control rats. Either lipid peroxidation activates phospholipase A? and vitamin E, in preventing peroxidation, attenuates this activity indirectly, or vitamin E has a direct suppressive effect on the enzyme [48] . If phospholipase A, from other tissues is similarly influenced by vitamin E, then this dietary component could be important in regulating membrane EFA composition and eicosanoid synthesis; this is supported by the findings of Witting 1401 and Cunnane [SO] . Injection of tri-iodothyroninc, a free-radical initiator in liver, into genetically obese rats reduces cardiac phospholipid PUFA content when a-tocopherol is deficient (K. W. J. Wahle, unpublished work) . High intakes of oxidizable PUFA, without extra vitamin E, decrease endogenous levels of the antioxidant and increase the formation of cytotoxic end-products of lipid peroxidation such that normal attenuation of blood aggregation by fish oil can be reversed and enhanced aggregation is observed [S 11. These findings further support the role of dietary a-tocopherol in maintaining membrane composition and function.
Cjmsolic proteins arid uritioxidurits
Desutiiruse proteiri synthesis
Various corticosteroids (mineralocorticoids and glucocorticoids) either iri vivo or when added to cells in culture (hepatocytes and HTC hepatoma cells), inhibit A6-and ASdesaturase activity through direct synthesis of a 'lipocortin' like soluble, protein (Brenner, this Colloquium). The precise mechanism by which this cytosolic protein inhibits the desaturase reactions is not clear; prevention of substrate access to the enzyme rather than a direct inhibition of the enzyme, as sug ested for the anti-phospholipase A2 effect of lipocortin b 3 ] , is a possibility.
The full expression of A6-and A5-desaturase activity in endoplasmic reticular (microsomal) fractions of cells also requires cytoplasmic proteins [44, 531. A high M , ( 1 SO 000) protein fraction from cytosol containing 79% of the catalase activity of liver, or catalase itself, completely restores reduced desaturase activity in washed microsomes [44, 531. This suggests that inhibition of enzyme activity is due to peroxidation, of the highly unsaturated substrates, of the microsoma1 membrane PUFA or both. This suggestion is Dietary PUFA (20%, w/w), including sunflower oil and fish oil, decreases A% and A6-desaturase activity in hepatic microsomes [ 141. The possible role of lipid peoxidation in suppression of desaturase activity has not been investigated. Thiede & Strittmatter [52] showed by specific immunoprecipitation of enzyme protein that induction of A9-desaturase activity was due to increased protein synthesis and enhanced expression of the gene encoding the desaturase, as reflected in the parallel induction of specific mRNA. Presumably PUFA suppression of A9-desaturase activity is also reflected in reduced mRNA and enzyme protein content but this was not investigated. lmai & co-workers [lo, 111 isolated, purified and raised antibodies to A6-desaturase and determined the separate nature of A6-from A9-and AS-desaturase by immunoprecipitation. The relationship beween dietary modulation of A6-desaturase activity and specific enzyme protein synthesis or mRNA production has not been reported. Clearly endocrines play an important part in the genomic control of desaturase protein Vol. 18 synthesis (Brenner, p. 773) but the role of PUFA or EFA, either in native or oxidized form, in such a control has not been elucidated. Induction of fatty acid synthesis is also regulated by specific gene expression and enzyme protein synthesis [ 531. Dietary EFA inhibit this enzyme induction, possibly through formation of an eicosanoid or other metabolite of ARA 1531, although indomethacin, a prostaglandin inhibitor, did not prevent the inhibition [53] . induction of muscle protein synthesis and degradation involves regulation by prostaglandins F2,z and E?, respectively 1541. Synthesis and degradation o f specific enzyme proteins could be similarly regulated. The observation that phorbol esters, which are diacylglycerol mimics of protein kinase C activation, can activate A6-and AS-desaturase activity in muscle (K. W. J. Wahle & R. M. Palmer. unpublished work) suggests a role for phospholipase C. diacylglycerol and protein kinase C in the second messenger cascade of desaturase regulation. However, eicosanoids derived from ARA are also second messengers which can modulate protein kinase C activity (Wood, Clearly we have some way t o go bcforc our understanding of how subtle interactions bctwcen diet and endocrine factors regulate EFA metabolism and membrane composition at the genomic level is complete. p. 785.) I .
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